Polypyrimidine tract-binding protein (PTB) is a nuclear factor that binds to the polypyrimidine tract of premRNA introns, where it is associated with negative regulation of RNA splicing and with exon silencing. We have previously demonstrated that PTB expression is increased during glial cell transformation and that this increase correlates with changes in the RNA splicing of the fibroblast growth factor receptor 1. In this paper we examine the specific cellular distribution of PTB expression in normal brain and in glial and neuronal tumors. Paraffin sections were stained by using a primary monoclonal antibody against PTB. Tissues that were analyzed included normal brain (n = 2) and tumors of various types (low-grade astrocytoma, n = 2; anaplastic astrocytoma, n = 2; glioblastoma, n = 4; medulloblastoma, n = 4; central neurocytoma, n = 2; dysplastic gangliocytoma, n = 1; ganglioglioma, n = 1; paraganglioma, n = 1). In glial cell populations the majority of astrocytes and oligodendrocytes were negative, but occasional positively staining cells were observed. Strongly positive PTB staining was observed in ependymocytes, choroid plexus epithelium, microglia, arachnoid membrane, and adenohypophysis, and weak staining was found in the neurohypophysis. In all cases vascular endothelium and smooth muscle stained strongly. In tumor samples, intense positive nuclear staining was observed in transformed cells of low-grade astrocytoma, anaplastic astrocytoma, glioblastoma multiforme, medulloblastoma, paraganglioma, and the glial population of both ganglioglioma and dysplastic gangliocytoma (the neuronal cells of both were negative). In medulloblastoma, neoplastic neuronal cells were positive, as were other cell lineages. In normal brain, all neuron populations and pineocytes were negative for PTB. We conclude that although glial cells show derepression of PTB expression, a similar mechanism is absent in both nonneoplastic neurons and in most neuronally derived tumor cells. Strong upregulation of PTB expression in tumor cells of glial or primitive neuroectodermal origin suggests involvement of this protein in cellular transformation. Whether PTB affects splicing of RNAs critical to cellular transformation or proliferation is an important question for future research.
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Polypyrimidine tract-binding protein (PTB) 2 is a member of the hnRNP family of RNA-binding proteins, which appear to have the generalized function of binding precursor mRNA to help differentiate intronic from exonic sequence and protect the RNAs from nonspecific degradation prior to splicing (Maniatis and Tasic, 2002; Wagner and Garcia-Blanco, 2001 ). Many members of this class of proteins also appear to function to specifically inhibit exon recognition during splicing by blocking access of the spliceosome (Cartegni et al., 2002; Maniatis and Tasic, 2002; Wagner and Garcia-Blanco, 2001 ). PTB specifically recognizes UCUU when present in pyrimidine-rich sequences; because this sequence is common to many 3' splice sites, one mechanism of PTB action is to block recognition of the 3' splice site (GarciaBlanco et al., 1989; Wagner and Garcia-Blanco, 2001; Wang and Pederson, 1990) . In addition, PTB has also been found to bind sequences distal from the RNA splice sites to regulate exon inclusion of several genes (Wagner and Garcia-Blanco, 2001 ).
Fibroblast growth factor receptor-1 (FGFR-1) is a tyrosine kinase receptor that plays many roles in cellular growth and differentiation, including induction and inhibition of cellular differentiation, and it is also important during early development (Johnson and Williams, 1993) . The specificity and affinity of the FGFR-1 receptor can be altered by alternative recognition of the ␣-exon during pre-mRNA processing (Galzie et al., 1997) . Regulation of this splicing event is dependent on 2 surrounding intronic RNA sequences (ISS-1 and ISS-2) in the FGFR-1 gene, the presence of which results in exclusion of the ␣-exon from the RNA transcript and enhanced affinity of the protein product for fibroblast growth factor (FGF) (Jin et al., 1999a,b) . It has been found that PTB interacts with ISS-1, an element required for exon exclusion, and that PTB levels are dramatically elevated during the malignant transformation of glial cells (Jin et al., 2000) . This process of specifically excluding the ␣-exon may promote cellular growth and contribute to glial cell malignancy (Yamaguchi et al., 1994) . The purpose of this study was to examine the distribution of PTB expression in various cellular populations in normal brain and in different tumors occurring in the central nervous system.
Materials and Methods
Patient samples were obtained from residual archival tissue blocks that were prepared by standard formalin fixation and paraffin embedding. Specimens included tissue samples from normal brain (n = 2), low-grade astrocytoma (n = 2), anaplastic astrocytoma (n = 2), glioblastoma (n = 4), medulloblastoma (n = 4), dysplastic gangliocytoma of the cerebellum (n = 1), ganglioglioma (n = 1), paraganglioma of the filum terminale (n = 1), and central neurocytoma (n = 2). For immunohistochemistry analysis, 4-m-thick sections were cut, and staining was performed by the avidin-biotin-peroxidase complex method with a Vectorstain ABC kit (Vector Laboratories, Burlingame, Calif.). Slides were incubated with a 1:5 dilution of anti-PTB monoclonal antibody (DH3) (Grossman et al., 1998) . The antigen-antibody reaction was visualized by using 3,3'-diaminobenzidine as the chromogen. Sections were counterstained with hematoxylin, and the degree of positive staining was assessed qualitatively for each cell type by one of the investigators (GNF). Normal brain was obtained at autopsy within 24 h of death. The positive control tissues demonstrated a functional reaction.
Results
In normal brain, all CNS neuronal populations and pineocytes were negative for PTB staining. While cells of the adenohypophysis were strongly positive, those in the neurohypophysis were only occasionally weakly positive. Astrocytic and oligodendrocytic populations demonstrated only occasional scattered positivity; however, ependymocytes and choroid plexus epithelium were strongly positive for PTB staining (Table 1 ). In contrast, neoplastic cells in the samples from low-grade astrocytoma, anaplastic astrocytoma, glioblastoma, ganglioglioma, medulloblastoma, paraganglioma, and dysplastic gangliocytoma were all strongly positive, while those of central neurocytoma were weakly positive ( Table 2 ). The neuronal populations found in the dysplastic gangliocytoma and ganglioglioma specimens were negative. Figures 1 and 2 illustrate some examples of PTB staining in selected normal and neoplastic tissues, respectively. Note that in all cases staining was predominantly localized to the nucleus. 
Discussion
The observation that PTB is overexpressed in a wide variety of glia-derived tumors suggests that aberrant RNA splicing may play an important role either in glial cell transformation or in progression of lower grade astrocytic neoplasms to glioblastoma. PTB has been shown to have a major influence on preventing exon inclusion during RNA splicing (Jin et al., 2000; Wagner and GarciaBlanco, 2001 ). Although it is generally accepted that "exon silencing" by PTB is likely to be a generalized mechanism, to date relatively few genes (including c-src and the genes that code for ␣-actinin, calcitonin/CGRP, caspase 2, FGFR-1, FGFR-2, GABA A receptor ␥2, and ␣-and ␤-tropomyosin) have been clearly established to have such mechanisms (Cote et al., 2001; Jin et al., 2000; Valcarcel and Gebauer, 1997; Wagner and Garcia-Blanco, 2001 has been examined in association with glioblastoma. We have previously demonstrated that two intronic sequences (ISS-1 and ISS-2) flank the ␣-exon in FGFR-1 RNA transcripts and that PTB binds to the upstream sequence, ISS-1 (Fig. 3) (Jin et al., 1999a,b; 2000) . Mutation or deletion of ISS-1 increases inclusion of the ␣-exon from 29% (no mutation/deletion) to 70% in the glioblastoma cell line SNB-19 (Jin et al., 1999b) . The level of PTB was also found to correlate with ␣-exon exclusion in human glioblastoma tumor samples, with decreased levels of PTB frequently found in adjacent normal tissue correlating with increased ␣-exon inclusion (Jin et al., 1999a) . This partial discrepancy was felt to reflect either differences in cell composition in adjacent normal tissues or the involvement of additional factors in the process of malignant transformation. In this study, the finding of absent PTB staining in all neuronal populations in both the normal and tumor specimens implies differential processing of FGFR-1 transcripts in neurons and glial cells, which is in part supported by previous observations (Jin et al., 2000; Yamaguchi et al., 1994) . The finding of very low levels of PTB staining in nonneoplastic astrocytes and oligodendrocytes, but high levels in neoplastic astrocytes (of all grades), may indicate either direct activation via upregulation of PTB expression or indirect activation by another related pathway.
Another interesting observation from this study is the densely positive staining for PTB in medulloblastoma, often considered to be a "neuronal" neoplasm. This finding may reflect the ambiguous ontogeny of this particular neoplasm. The cell of origin for medulloblastomas is controversial, with some authors describing undifferentiated cells from the roof of the fourth ventricle (which eventually form the external granular layer and the granule cells) as the cells of origin (VandenBerg et al., 1987) , while others believe the source to be the subependymal matrix (which gives rise to the deep cerebellar neurons, Purkinje cells, molecular layer, glia, and ependyma) (Trojanowski et al., 1992) , and still others consider both as potential sources to account for the different tissue types present in medulloblastoma (Katsetos and Burger, 1994) . Thus, the neoplastic cells of medulloblastoma are not typical neurons and are not derived from neuroblasts, which are the precursors to neurons (Moore and Persaud, 1998) . However, the Purkinje cells, which are neurons, were negative for PTB staining. The neurons seen in the ganglioglioma tissue sample also were negative for PTB staining in this study. Because the neuronal element in these tumors may not be neoplastic, the conclusion cannot be drawn, based on the results of this study alone, that PTB is not activated in the neoplastic neuron. It would be informative to examine samples from a neuroblastoma, a tumor with definite neoplastic neurons. A similar situation applies to paragangliomas and central neurocytomas, which although classified as "neuronal" tumors, actually contain neoplastic cells derived from neural crest and not from neural tube (where neuronal precursors arise) (Moore and Persaud, 1998) .
The process of glial cell malignant transformation is complex and involves changes in the expression of multiple genes. Involved genetic elements include p53, the retinoblastoma gene, cyclic AMP-dependent kinase number 2 (CDKN2A), mutated in multiple advanced cancers 1 (MMAC1) or phosphatase and tensin homology (PTEN), platelet-derived growth factor (PDGF), MDM2, vascular endothelial growth factor (VEGF), neuroglial cell adhesion molecule (NCAM L1), cathepsins, matrix metalloproteases, integrins, interleukin-13 receptor, and heat shock proteins (Maher et al., 2001; Sehgal, 1998) . It is certain that no one pathway is the primary regulator of neoplasia and that all these pathways are interactive in some way. Therefore, the identification of factors that broadly mediate cellular function is of critical importance. In this report, we have identified an association of PTB overexpression specifically with tumors of glial cell origin. This finding was primarily driven by the discovery that alternative RNA splicing of FGFR-1, which produces receptor isoforms with increased affinity for FGF, appears to be regulated by PTB. While FGF clearly plays an important role in glioblastoma progression, the effects of PTB overexpression may be even more far-reaching. As a regulator of both RNA splicing and gene transcription, PTB certainly has the potential to alter the function of genes that may be critical to either the initial transformation or the progression of the malignant phenotype. As such, PTB may serve as another potentially modifiable factor in the complex process of neoplasia with particular relevance to gliomas.
